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Abstract 
Diffusiophoresis near a nanoporous medium is the phenomenon that particles were spontaneously moved from low 
concentration region to high concentration region. However, unidirectional particle motion impeded further applica-
tion of this phenomenon and lack of studies about the external convective flow effect such as evaporation through 
a nanoporous medium were reported. In this work, we investigated the evaporation effect through a nanoporous 
medium on spontaneous particle exclusion zone induced by diffusiophoresis. Consequently, particle’s motion was 
divided into three regimes: diffusiophoresis regime, transition regime, and evaporation regime depending on the 
evaporation effect. The experiment in which the time of initiating evaporation effect was controlled by adjusting the 
region of PDMS on a nanoporous medium showed that evaporation plays a critical role in studying the spontaneous 
particle exclusion zone. This rigorous analysis would provide a useful strategy for optimizing a spontaneous particle 
preconcentration/detection platform.
Keywords: Diffusiophoresis, Nanoporous medium, Evaporation, Spontaneous particle exclusion zone
© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/.
Introduction
Diffusiophoresis is the electrochemical phenomenon that 
a charged particle moved from low concentration region 
to high concentration region along a concentration gradi-
ent in the case of electrolyte solution such as KCl solu-
tion where each diffusivity is almost identical so that one 
can ignore induced electrophoresis. This concentration 
gradient can be generated by two miscible liquids of dif-
ferent concentrations [1, 2] or by ion exchange [3–5]. 
Especially, cation exchange phenomenon can occur near 
a nanoporous medium having protons with high diffusiv-
ity if the medium meets the solution with non-protonic 
cation, which means that the concentration gradient 
would be spontaneously generated by cations’ difference 
of diffusivity without any external forces [4]. Therefore, 
this spontaneously induced concentration gradient forces 
a charged particle to move away from the medium so that 
the medium should be particle-free to form a spontane-
ous particle exclusion zone. This mechanism has been 
utilized for desalting/purification applications [5–7].
However, there is lack of studies about the effect 
of the external convective flow through a nanopo-
rous medium such as evaporation on the spontaneous 
motion of a particle in dead-end microchannel. A con-
vective flow due to the imbibition through nanoporous 
medium has been found to play non-negligible role 
for diffusiophoresis of charged particles [3], while this 
imbibition has been conventionally neglected. There-
fore, in this work, we would investigate the relation-
ship between another kind of convective flow due to 
evaporation when a nanoporous medium was exposed 
to air and the spontaneous particle exclusion zone 
near the medium. Figure  1 showed the schematic of 
a micro/nanofluidic device having the nanoporous 
medium which is partially covered with PDMS piece 
(i.e. open to ambient). Also, the particle inside the 
microchannel is affected by diffusiophoretic veloc-
ity, imbibition velocity, and evaporation velocity as 
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depicted. Diffusiophoretic velocity’s direction is the 
opposite of imbibition velocity and evaporation veloc-
ity. The effect of evaporation through a nanoporous 
medium can be adjusted by the distance of PDMS 
piece between the microchannel and the medium 
exposed to air (LPDMS). As a result, the particle motion 
was largely affected by the evaporation as well as the 
imbibition through nanoporous medium, suggesting a 
fundamental basis for designing spontaneous particle 
separation or preconcentration platform.
Materials and methods
Device fabrication
The micro/nanofluidic device used in this study was fab-
ricated using polydimethyl-siloxane (PDMS, Sylgard 184 
silicone elastomer kit, DowCorning, USA) incorporated 
with Nafion nanoporous membrane. The PDMS building 
blocks of the devices were fabricated by following gen-
eral soft-lithographical method [8]. The mold pattern-
ing microchannels was fabricated through silicon wafer 
using photo lithography. The base and curing agents of 
Fig. 1 a The schematic of spontaneous particle exclusion zone induced by diffusiophoreis near the nanoporous medium. Uimb is the imbibition 
velocity, UDP is the diffusiophoretic velocity, Uevap is the velocity induced by evaporation through the medium. LPDMS is the distance of PDMS 
between the channel and the medium exposed to air (the location of starting evaporation). Fabricated devices of LPDMS: b 1 cm and c 250 μm
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polydimethyl-siloxane (PDMS) were mixed in a ratio 
of 10:1 and degassed in a vacuum chamber for 1 h. The 
mixed solution was poured onto a mold wafer and cured 
in an oven for 4 h at 75 °C.
A straight microchannel was orthogonally aligned with 
Nafion patterning as shown in Fig. 1a. The microchannel 
had a dimension of 15 μm thickness, 200 μm width and 
0.5 cm length. Instead of sophisticated nano-lithograph-
ical fabrication, a surface patterning method [9, 10] of 
Nafion solution (20 wt% resin solution, Sigma Aldrich) 
was employed to connected microchannels. Briefly, 
Nafion solution was injected inside a straight PDMS 
microchannel and the microchannel was detached. 
Remaining Nafion liquid was dried for 10 min at 95  °C. 
Then, pre-fabricated PDMS piece which had microchan-
nel networks was aligned under microscopic observa-
tion and bonded with plasma bonder (CuteMP, Femto 
Science, Korea) as shown in Fig.  1a. Assembled devices 
of long LPDMS and short LPDMS were shown in Fig. 1b, c, 
respectively.
Chemical preparation
1 mM KCl solution with the negatively charged fluores-
cent 0.2 μm particle was filled into the microchannel by 
injecting the fluid with positive pressure from the res-
ervoir. Initially, bubble was trapped in front of Nafion 
but pulling the pressure eliminated the bubble because 
PDMS is gas permeable material.
Experimental setup
An inverted fluorescence microscope (IX-51, Olym-
pus, Japan) and a CCD camera (DP73, Olympus, Japan) 
were used to detect and trace the fluorescence-labeled 
samples. Commercial software (CellSense, Olympus, 
Japan) was used to synchronize the CCD camera with 
the microscope and to analyze the images. All captured 
images were analyzed by ImageJ.
Measurement of the imbibition‑induced flow velocity
The flow velocity induced by imbibition through a nano-
porous medium was measured by tracking the motion 
of the fluorescent microparticles near the reservoir of 
the microchannel since the diffusiophoretic force can be 
neglected near the reservoir. The images of the particle’s 
motion were captured every 10 s. Every 10 s, the average 
velocities of particles were estimated as shown in Fig. 2.
Results and discussions
The measurement of absorbing parameter (S) of Nafion 
nanoporous medium
Our previous work experimentally and theoretically pre-
sented that diffusiophoresis rate is always faster than 
imbibition rate when Nafion was used, since Nafion has 
high Donnan concentration. Also, the nanoporous medi-
um’s criteria for which diffusiophoresis or imbibition 
rate is faster were analyzed depending on the correlation 
between the permselectivity and the water-permeability 
of the medium [3]. Therefore, Nafion was chosen for 
investigating the effect of evaporation in this work. In 
order to characterize the absorption of Nafion, one need 
to obtain absorbing parameter, S [3]. S was calculated 
through the experiment of measuring particles’ velocity 
induced by the imbibition of Nafion as shown in Fig. 2. 
The experimentations (circle symbols) can be fitted with 
Darcy’s law [3] (Uimb = (S/t)0.5) and S was extracted as 
5 × 10−11 m2/s. With given LPDMS, one can derive t1 (i.e. 
the time when the liquid reached to air through nano-
porous medium) as (LPDMS)2/(4S). Following section will 
describe the particle motion depending on t1.
The collapse of spontaneous particle exclusion depending 
on t1
The collapse time of spontaneous particle exclusion (or 
directional transition of particle) (t2) could be expected 
to be same with t1. However, t1 and t2 was different in 
practice. For example, when LPDMS was 250  μm, t1 is 
312.5  s, while t2 was measured to be around 60  min 
through the experiment as shown in Fig. 3a. This differ-
ence was explained by the schematic diagram shown in 
Fig. 3b. There were three distinguishable regimes of par-
ticle’s motion as a function of time: (1) diffusiophoresis 
regime, (2) transition regime, and (3) evaporation regime. 
Under the nanoporous medium covered by PDMS, a par-
ticle was forced by dominant diffusiophoretic velocity 
in regime (1), where the spontaneous particle exclusion 
zone was generated. In the meantime, when the evapo-
ration through nanoporous medium started because the 
Fig. 2 The velocity graph of measured imbibition through Nafion 
(symbols) and regression curve derived from Darcy’s law. Uimb is the 
imbibition velocity, t is the time, and S is the absorbing parameter
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Fig. 3 a Time-evolving images of the particle’s motion depending on LPDMS. b The plot of three regimes about particle’s motion affected by 
diffusiophoresis, imbibition, and evaporation. t1 is the time when nanoporous medium was exposed to air (starting time of evaporation). t2 is the 
collapse time of spontaneous particle exclusion zone. 0 < t < t1 is diffusiophoresis dominant regime, t1 < t < t2 is transition regime, and evaporation 
regime appears after t2
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medium was exposed to air, the particle was affected by 
additional velocity: Uevap in regime (2). However, the par-
ticle’s moving direction was not changed in this regime. 
Finally, when the evaporation velocity was faster than 
the sum of other velocities, particles eventually moved to 
opposite direction, which meant the collapse of the spon-
taneous particle exclusion zone. For example, there is no 
evaporation, but the particle moved with diffusiophore-
sis in 0 < t < t1. In the range of t1 < t < t2, the evaporation 
was started, but the direction of particle motion was not 
changed. Finally, the evaporation became to be dominant 
so that the direction of particle was reversed in t > t2. At 
this moment, Uimb still exists because the fluid loss by an 
evaporation at the end of Nafion should be refilled from 
an imbibition at the interface of Nafion/microchannel. 
Unless, Nafion should be completely dry so that the par-
ticle exclusion should appear again. However, we have 
not seen this, meaning that the imbibition and the evap-
oration simultaneously occur. This scenario was experi-
mentally confirmed as shown in Fig. 3a. Furthermore, the 
effect of evaporation through nanoporous medium could 
be controlled by adjusting LPDMS. The collapse time (t2) of 
the shortest LPDMS (250 μm) was faster than other length 
as shown in Fig. 3a. However, larger evaporation area has 
higher evaporation rate so that t2 might be faster if one 
uses larger area.
The external convective flow due to evaporation 
through nanoporous medium as well as an imbibition 
would play a key role for characterizing the expansion of 
the spontaneous particle exclusion zone, since the veloc-
ity induced by evaporation affected particles’ motion in 
the opposite direction to diffusiophoretic velocity.
Conclusions
In this work, the effect of evaporation through a nano-
porous medium in addition to diffusiophoresis and 
imbibition is considered on the spontaneous particle 
exclusion zone. The experiment in which the time of 
starting evaporation effect was controlled by adjusting 
LPDMS showed that an evaporation played a determinis-
tic role in characterizing the spontaneous particle exclu-
sion zone. Therefore, this paper showed the possibility of 
adjusting particle’s motion only by using external evapo-
ration through nanoporous medium without any external 
power sources, and suggested a fundamental basis for 
designing spontaneous particle separation or precon-
centration platform. Especially, evaporation has been 
neglected in the nanoscale fluidic phenomenon so that 
either one can utilize it for a separation application or 
one should prevent the evaporation to minimize undesir-
able errors. In addition, a separation by this evaporation 
effect could be suitable especially for separating electro-
sensitive biomolecules.
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